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Bore Breakouts

and in Situ Stress

MARKD. ZOBACK,
1 DANIELMOOS,
2'3 ANDLARRYMASTIN
4
U.S. GeologicalSurvey,Menlo Park, California

ROGER N. ANDERSON
Lamont-DohertyGeologicalObservatoryof ColumbiaUniversity,Palisades,New York

The detailed cross-sectional
shape of stressinduced well bore breakouts has been studied using
speciallyprocessed
ultrasonicboreholeteleviewerdata. We showbreakoutshapesfor a variety of rock
types and introduce a simple elastic failure model which explains many featuresof the observations.Both
the observationsand calculations indicate that the breakouts define relatively broad and flat curvilinear
surfaceswhich enlarge the borehole in the direction of minimum horizontal compression.This work
supportsthe hypothesisthat breakouts result from shear failure of the rock where the compressivestress
concentrationaround the well bore is greatestand that breakoutscan be usedto determinethe orientation of the horizontal principal stressesin situ.

by flat conjugate shear planes oriented at a constant angle to
Data from commercially available four-arm caliper logs the azimuth of the far-field horizontal principal stresses.In
other words, the breakouts would have the appearance of
haveenabledseveralworkersto showthat there are spalled
pointed "dog ears" on oppositesidesof the hole. However, as
sectionsof well bores, termed "breakouts"in the petroleum
their primary sourceof information about well bore breakouts
industry,in which the averageazimuth of the long (or spalled)
was four-arm caliper logs, their theory could not be tested
dimensionis very consistentwithin a given well or oil field
becausetheseinstrumentsyield only two orthogonal well bore
[Cox, 1970; Babcock,1978; Schafer,1980; Brown et al., 1980].
diameters as a function of depth and no information is avaiBell and Gough [1979] and other workers [Springer and
able on the detailed shapeof the breakouts.
Thorpe, 1981; Goughand Bell, 1981, 1982; Plumb, 1982; Healy
To overcome the limitations of four-arm caliper data, we
et al., 1982; Hickman et al., 1982; Blumlinget al., 1983; Cox,
have analyzed the detailed shape of breakouts in a variety of
1983] have suggestedthat the consistentazimuth of the long
rock types usingdata from an ultrasonicboreholeteleviewer
dimension of the hole was parallel to the azimuth of the least
(Zemanek
et al. [1970] describethe operation of the televiewer
horizontal principal stress.
in
detail).
The
televieweris a well-logging tool that consistsof
In this paper we present detailed measurements of the crosssectional shape of breakouts in several wells using specially a magnetically oriented rotating piezoelectric transducer
which emits and receives an ultrasonic (• 1 MHz) acoustic
processeddata from an ultrasonic borehole televiewer and
INTRODUCTION

extend the theoretical analysis of the mechanism of breakout
formation proposed by Bell and Gough [1979, 1982] and
Gough and Bell [1981, 1982] in order to explain better the
observedbreakout shapes.One of the casehistoriesexamined
in this paper, a well located at Auburn, New York, is discussed
at length by Hickman et al. [this issue].
OBSERVATIONS OF BREAKOUTS

The analysis of breakout formation by Gough and Bell
[1981] and Bell and Gough [1982] predicted that breakouts
are spalled regions on each side of the well bore which are
centeredat the azimuth of the least horizontal principal stress
Sh where the compressivestressconcentration was greatest.
They suggestedthat the breakouts were the result of localized
compressiveshear failure, and their analysispredicted that the
region of failure would be triangular in cross section, enclosed
• Now at Departmentof Geophysics,
StanfordUniversity,California.

2 Also at Departmentof Geophysics,
StanfordUniversity,California.

3 Now at Lamont-DohertyGeologicalObservatoryof Columbia
University, Palisades,New York.

'• Also at Departmentof AppliedEarth Sciences,
StanfordUniversity, California.
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pulse that is reflectedfrom the borehole wall 600 times per
revolution. In typical applicationsof the televiewer,well bore
reflectivity, or "smoothness,"is plotted as a function of azimuth and depth by displaying the amplitude of the reflected
pulse as brightnesson a three-axisoscilloscope.This yields an
"unwrapped" image of the well bore surface. The televiewer
has previously been very effectivefor studying fractureswhich
intersect well bores at depth [e.g., Seeburger and Zoback,
1982]. In many cases,breakouts are also discernibleon televiewer photos as regionsof low reflectivity.By analysisof the
travel time of the acousticpulse as a function of azimuth, we

have been able to make detailed
in intervals

where breakouts

cross sections of the well bore

occur. Conversion

of travel

time

to borehole size is straightforward since the diameter of the
hole is accuratelyknown from caliper measurements.
Figure 1 shows breakout data from a well near Auburn,
New York, which are describedin detail by Hickman et al.
[this issue]. Figure la shows a reflectivity televiewer record of
a 6.5-m-long zone of breakouts in the well, and Figure lb
shows a cross-sectionalview of the borehole at a depth of
1476.3m. Note that the breakouts are basicallybroad and flat
depressionsand do not have the pointed "dog ear" character
predictedby the Goughand Bell [1981] theory. Although the
breakoutsshownin Figure lb are not symmetricaland exactly
180ø apart, the mean breakout direction in the well is within a
few degreesof the direction of least horizontal compression
determined by hydraulic fracturing in the same well (Figure
lc).
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Fig. 1. (a) Typicalreflectivity
boreholeteleviewer
recordof a 7.5-msectionof a well drilledin graniticrock at
Monticello,SouthCarolina.The sinusoidal
dark (low reflectivity)bondon the televiewerrecordcenteredat 794.5m is due

to a fractureplaneintersecting
theborehole
asillustrated
in Figurelb. The verticaldarkbondscentered
approximately
180ø apartcorrespond
to low-amplitude
reflections
comingfrombreakouts
shownin Figureld. (b) A fractureplane
intersecting
a borehole
produces
a sinusoidal
darkbondon thereflectivity
record.
(c)A photograph
of an oscilloscope
recordshowinghowtraveltimeasa functionof azimuthis determined
for a singlerotationof the acoustic
transducer
at a

depthof about797m. Sixhundred
reflected
acoustic
pulses
(onerotationof thetransducer)
aredisplayed
sideby sideasa
functionof azimuthwiththe amplitude
of the reflection
modulating
scopeintensity.
The reflected
pulseinitiallyhas•a
negative
polarity.Thelargesinusoidal
variationin traveltimeasa functionof azimuthcorresponds
to the televiewer
not
beingperfectlycenteredin the hole.the two sharptraveltime delaysjust westof north and eastof southare associated
with breakouts.
The boreholeradiuswhichcorresponds
to traveltime is shownon the right.Note that the absissa
is

labeledin the reverse
mannerof Figurela, but in bothfiguresthe breakouts
are westof northand eastof south.(d)
Borehole
shapecorresponding
to datashownin Figurelc. The breakouts
are approximately
35ø wideandenlargethe
radius of the hole by about 15 mm.
5524

ZOBACK ET AL.: WELL BORE BREAKOUTS AND IN SITU STRESS

AUBURN,
(Cl)

(b)

N
t

NEW
(C)
.5

(a)

N

m

1469.1

N
t

(d)
1468.8

NEVADA

YORK

N
t

5525

TEST

USW-GI

SITE

(b)

N
t

.7 m

m

USW-GI
1121.:3 m

(C)

•

USW-GI
.3 m

(d)

f

USW-G2
IIII.0
m

(e)

f

USW-G2

(f)

t

USW-G2

N
t

m

1475.8

m

5.7 m

1097.5

m

Fig. 2. Representative
breakoutshapesin the Auburn,New York,
well.The breakoutshownin Figure2d is part of that shownin Figure
la. The shaded area representsthe differencebetween the observed
well bore shapeand the nominal well bore diameter.

Figure 2 shows breakouts in Paleozoic sandstoneat other
depthsin the Auburn well, and Figures 3 and 4 show breakouts observedin granitic rocks and tuff, respectively.Figure 2c
shows broad, flat-bottomed breakouts in the Auburn well

which are similar to thoseshown in Figure 1. However, deeper
MONTICELLO

2
N

t

566.9

m

Fig. 4. Representative
breakoutshapesin tuff from wellsdrilled
at the Nevada Test Site. (a)-(c) Well USW-G1, wherethe breakouts
are concentrated
in a flow brecciaunit. (d)-(f) Well USW-G2, where

the breakouts
are in the Bullfrog(Figure4d)andTrom (Figure4c);
Figure 4f is units of the Crater Flat Tuff.

breakouts are also presentin the well (Figures 2a and 2b).
Figure 3 shows breakouts in wells drilled in granitic rock.
Although the breakoutsare somewhatirregular in the wells,
they are basically broad and flat-bottomed, as in Figure 2c.
Figure 4 shows breakouts in two wells drilled in tuff at the
Nevada Test Site. In these wells the breakout shapes vary
considerablyand range from being broad and flat-bottomed
(Figures 4a and 4d) to being relatively deep. Note, however,
SH
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Fig. 3. Representativebreakout shapesin granite from the Monticello 2 well near Monticello, South Carolina.

Fig. 5. (a) Orientation of potential shearfailure surfacesadjacent
to a well bore for Sn*= 45 MPa, Sh*= 30 MPa, AP--0, and
p = 1.0. (b) Area in which failure is expectedfor zo = 12.5 MPa. The
0b,½b,and roare describedin the text.
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distance from the center of the hole, 0 is azimuth measured

from the direction of $•*, and AP is the differencebetweenthe
fluid pressurein the boreholeand that in the formation (positive indicatesexcesspressurein the borehole).The conjugate
surfacesalong which compressiveshear failure would be expected to occur are shown in Figure 5a for nominal stress
values of Sn* = 45 MPa and Sh* = 30 MPa. Away from the
well bore, these conjugate shear failure surfacesare planes
oriented at an angle to $n* controlled by the coefficientof
friction (in this caseassumedto be 1.0).Near the well bore the
stressconcentrationresultsin markedly curved potential shear

S•= I0 MP•
S•-- 15 MPa
4

S h = I 0 MPa

SH= 2:0 MPa
8

failure surfaces. This is the result of rotation

of the azimuths

of

the maximum and minimum principal stressesnear the free
S•= I0 MPa
surfaceof the cylindrical well bore. It is important to note that
SH= :30 MPa
the magnitudeof shearand effectivenormal stressalong these
potential failure surfacesvaries as a function of r and 0. The
/..t=o.5
/..t=•.o
region where compressiveshear failure is expectedto occur
Fig. 6. Theoretical size of the areas in which the compressive
can be predicted from the extended Griffith criterion of Mcshear strength of the rock is exceededby the concentratedstresses.
Clintock and Walsh [1962]. This criterion considersthe extenFor the values of the effectivecompressiveprincipal stressand coefsion of closedcrackswhich have a finite frictional strengthin
ficient of friction shown,the contoursin each figure define the size of
the initial failurezonefor a givenvalueof z0 and AP - 0.
a biaxial stressfield. In this context, potential failure surfaces
are crackswith a frictional sliding coefficientof/4 subjectedto
that the deep breakouts are not appreciablywider than the a shear stressand effective normal stress.As discussedby
Paterson [1978] and Jaeger and Cook [1979], the McClintock
more shallow breakouts.
Independentevidencein each of the casespresentedin Fig- and Walsh [1962] analysis is equivalent to the Coulomb criures 1-4 shows that the breakouts are aligned with the local terion in which the failure envelopehas a slope equal to the
direction of least horizontal compression.Hickman et al. [this coefficientof frictional sliding,/4 and an interceptz0 equal to
issue] show that the Auburn breakouts are perpendicular to the cohesivestrength of the rock. The region around the well
hydraulic fracture orientationsin the samewell; Stock et al. bore in which failure is expected can then be computed in
[1983] discusssimilar evidencefor the wells on the Nevada terms of a simple Mohr's circle. Failure will occur where the
2 + ZrO
2}1/2is greater
Test Site; S. H. Hickman and M.D. Zoback (written com- radiusof the Mohr circle{[(G0- Gr)/2]
munication, 1984) show that the Monticello breakoutsindi- than or equal to the distancefrom the center of the circle to
0 q- [(GOq-G•)/2]}.To
cate a direction of maximum horizontal compressionwhich is thefailurelinegivenby [p/(1 + •2)1/2]{G
about the mean of p axis of local earthquakes.In each of these computethe sizeand shapeof the region around the well bore
casesthe breakouts are observedto form in the region around that is expectedto fail under given in situ stresses,we can
the hole of greatestcompressive
stress,as predictedby Gough rearrange the above expressions.Assumingthat the Navierand Bell [1981]. However, the examples suggestthat many Coulomb criterion G• = Zo-- #GOapplies,the maximum value
of cohesivestrengthat which the material will fail is givenby
breakouts can be rather broad and flat-bottomed, unlike the

"dog ear" shapepredictedby their theory.To investigatethis,
we consider below a simple theoretical model for breakout
initiation

that considers the nature of the concentrated

stress

field around the hole in more detail than Gough and Bell
[1981].
BREAKOUT

INITIATION

For a cylindrical hole in a thick, homogeneous,isotropic
elastic plate subjectedto effective minimum and maximum
principalstresses
(Sh*and $u*), the followingequationsapply
[Kirsch, 1898; Jaeger, 1961]:

G,-«(S•*q-Sh*)i ---•-Tq-«(S,*- S•*)
1--4-•T+S-•-gcos20+r•

=

+ &*) 1+

(1)

ß 1+ 3•

(

cos
20

z•o=-•(Sn*+S•*)
1+•-3•

r2

(2)

sin20 (3)

wherea• is the radial stress,aois the circumferentialstress,
is the tangential shear stress,R is the radius of the hole, r is

ro= (1+ •2)1/2Go
-2 Or q-.•r02

2
--la(
Gø

(4)

We have chosento isolate the variable ro becausewhere btfor
most rocks varies between0.6 and 1.0 [Byerlee, 1978], % can
vary from several megapascalsto a few tens of megapascals
[Handin, 1966]. By substituting appropriate values into (1)(4), we can predict the size of initial region in which the ratio
of shear to normal stress on the potential shear surfacesis
large enough to cause failure. For AP = 0 and a nominal
value of ro = 12.5 MPa, Figure 5b showsthe size of the region
in which the stressesexceed the rock strength on the failure
surfacesshown in Figure 5a.
Figure 6 shows several other examples for different stress
values and coefficientsof friction. As in Figure 5b, the contours shown in Figure 6 are envelopesenclosingthe region in
which the ratio of shear to normal stressis large enough to
causefailure for the given value of z0 and AP = 0. Figure 6
illustrates that the breakout shapesare generally broad and
flat-bottomed. For given values of $•*, $n*, and bt the lower
the cohesivestrength of the rock, the deeper and wider the
breakout region. For example, in the case where Sh*= 10
MPa, Sn* = 15 MPa, and bt= 0.5, no breakout would be observedin a boreholedrilled in rock with a cohesivestrength
higher than 10 MPa. However, if the cohesivestrengthwere
much lower than 6 MPa, the breakoutswould be so large as
to extend nearly around the borehole. We have not shown
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Fig. 7. Relationshipbetweenthe ratio of the horizontal principal stressesand the maximum depth and width of
breakouts.The curvescorrespondto breakoutswith variousvaluesof •bb,the half width, where# = 0.6 and AP = 0. The
exampledata from Auburn,New York, are explainedin the text.

breakout sizesfor lower values of Zo in Figure 6 becausethey
would be so large as to encompassnearly the entire well and
invalidate the analysis.The effectsof nonzero values of AP are
considered below.

It can be seen in Figure 6 that the effect of increasing the
ratio of the horizontal principal stressesis to make the breakouts much larger for a given value of • and Zo.Similarly, for a
given stressratio and Zo, much smaller breakouts result for
larger values of •, especiallyfor the larger stressratios. One
interesting feature in the case of the 3:1 stress ratio is the
change in shape of large breakouts. These breakouts have
distinctly steeper edges than either the deep breakouts at
smaller

stress ratios

or the smaller

breakouts

dix. By substituting(1)-(3) into (4), we can expressthe cohesive
strength at the point the breakout intersects the well bore
zo(R, 0b),and the cohesivestrengthat the breakout's deepest
point, Zo(%,•/2), as

ßo(e, 0•)= «(aS. + bs•*)

(5)

Zo(%,r•/2)= «(cSu* + dSh*)

(6)

where

a = I-(1+ •/12)
1/2- tt](1 - 2 cos208)
b = [(1 + •/12)
1/2- /•](1 + 2 cos20B)

at the same

stressratio. These shapesare similar to the breakout shown in
Figure 4b. In general,the edgesof the breakouts steepenas the

R2

C--- --,L/q-(1 q-,/12)
1/2

- [(1 q-,/12)
1/2-- 2It]
rb2

stress ratio increases.

The broad, flat-bottomed breakouts modeled in Figure 6
are more similar to many of the breakouts shown in Figures
1-4 than the idealized "dog ears" suggestedby the Bell and
Gough analysis.It should be pointed out, however, that the
analysis presented so far considers only the formation of a
breakout in an initially cylindrical borehole.A possibleexplanation of the deeper, irregularly shaped breakouts shown in
Figures 2-4 is that the breakouts continue growing after their
initial

formation.

This will be discussed in the next section.

It is straightforward to extend the theory presented above
to considerthe general problem of the initial size of breakouts
in terms of the rocks' cohesivestrengthand coefficientof friction and the magnitude of the horizontal principal stresses.
For simplicity, we assume here that Su*< 3Sh*, which is
almost always the casein situ [see Brace and Kohlstedt, 1980],
and that there is no excessfluid pressure in the well bore
(AP = 0). A more complete analysisis presentedin the appenTABLE 1. Comparison of Observed and Theoretical Breakout Size
Auburn, New York
Observed

Theoretical

Depth,
m

cp•

%/R

mm

%/R

mm

mm

1471.9
1473.1
1474.6
1476.3
1476.3

19 ø
20 ø
22 ø
15 ø
22 ø

1.027
1.063
1.071
1.027
1.045

115.0
119.1
120.0
115.0
117.0

1.019
1.022
1.027
1.012
1.027

114.1
114.5
115.0
113.3
115.0

0.9
4.6
5.0
1.7
2.0

(7)

+•
d = -tt-

(1 + it2)

3R2 •/12)1/2
+ 2tt]

(1 + •/12)
1/2q-[(1 +
l'b2

3R ½

,, (1 + tt2)•/2

rb

If we assume that a breakout follows a trajectory along a
givenvalue of Zoas shownin Figure 6, then

It follows

zo(R, 0•)= Zo(rb,r•/2)

(8)

S•,*=
2ZO(a:
--;c
)

(9)

that

Sh*

Figure 7 graphicallyshowsSu*/Sa*, which is independentof
ßo, as a function of %/R and ½• (where •p•= n/2- 0•, see
Figure 5b) for tt- 0.6. As expected,extremely little spalling
will occur when the two effective horizontal

stresses are about

equal. Although the breakouts get deeper and wider as
Su*/S•* increases,even for large stressratios, the well bore
radius increasesby only about 15% when ½bis as large as 50ø.
It is clear, then, that although this simple theory of the initial
formation of a breakout can explain the broad, flat-bottomed
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breakouts observed in Figures 2-4, it cannot explain the
deeper breakouts.
Before consideringthe processof breakout growth and extension, we now examine data from the well in Auburn, New
York, in order to compare measuredvalues of ½band rb with
those expected from knowledge of S/•* and Sh* [Hickman et
al., this issue], and the radius R of the drill bit. As we have no
knowledge of/• for the rock in question (the Theresa sandstone of early Paleozoic age), we will estimate a value which
reasonably satisfies the breakout data. Table 1 shows the

(o)

breakout

(b)

data from five sections in the well from 1471 to 1477

m depth, where the breakout shapesare similar to the theoretical shape discussedabove. A hydraulic fracturing stress
measurementat a depth of 1480 m indicatesthat Si•*/Sh* =
2.24, and we have determined empirically that a value of
/• - 0.6 seemsto best satisfythe breakout data.
As shown in Table 1 and Figure 7, as there was apparently
little growth after the breakouts initially formed, there is good
agreement between the size of the observedbreakouts and
that of the theoretical prediction. However, the observed
breakouts in each caseare 1.0-5.0 mm deeper than those predicted by the theory. This differenceis large enough to cause
significantproblems if we were trying to use the width and
depth of the breakoutsto estimateSi•*/S•*. For example,even
the breakout at 1471.9 m (where ½• = 19ø and Ar• = 0.9 mm)
could not be used to estimate Si•*/S•* (Figure 7) becauseof
the steepnessof the curvesfor ½• < 20ø. For small valuesof ½•
the slightestincreasein the observedvalue of rdR yields an
unreasonably large Si•*/S•*. In order to use breakout shapes
as a method for determining the magnitude of effective principal stresses,it may be necessaryto observe breakouts immediately after formation.
In the analysisabove, we assumedthat the fluid pressurein
the well bore was the same as that in the formation (AP = 0).

Figure 8 illustratesthe effectof differencesbetweenfluid pressure in the well bore and that in the formation for Sn* = 22.0
MPa, S•*-- 11.0 MPa, and /• = 0.6. By increasingthe well
bore pressureby 2.5 MPa (Figure 8b), the size of the breakouts is substantiallydiminishedfor cohesivestrengthsin the
5-10 MPa range. However, a decreasein AP by the same
amount (Figure 8c) markedly promotes breakout development. In this case,breakouts could occur for rock with a
cohesivestrengthas high as 17.5 MPa. The stronginfluenceof
AP on the size and shapeof breakoutsis due to the changein
normal stresson potential failure planes near the well bore.
Positive AP increasesnormal streseson those planes and inhibits failure, whereasnegative AP lowers normal stressesand
promotesfailure.A possiblepracticalexampleof the principle
illustrated in Figure 8 is the common practice of using dense
additivesin drilling muds (like barite) for stabilizingboreholes
drilled in poorly indurated(low cohesivestrength)formations.
The mud increasesAP, and well bore spallingis minimized.
The simple theory presentedabove is intended to explain
the initial size and shapeof breakouts.To addressbriefly the
problem of breakout growth in order to considerthe mechanism responsiblefor someof the deeperbreakoutsobservedin
Figures 2-4, we can considerthe elastic stressconcentration
around

the well bore once a breakout

has formed

and the

shape of the well bore is no longer circular. The stressfield
around the now broken-out well bore was computedusingthe
numerical method known as the boundary element technique
[Crouch and Starfield,1983]. Figure 9 showsseveralsuccessive
stagesof breakout growth using the same failure criterion
used for breakout initiation [after Mastin, 1984]. The applica-

(c

Fig. 8. The effectof excesswell bore fluid pressureAP on the size
of well bore breakouts.As in Figure 2, the contoursdefinethe size of

theinitialfailurezonefor To = 10MPa whenSn* = 22.0MPa, Sh*=
11.0 MPa, and/• = 0.6. (a) No excesswell bore pressure(AP = 0). (b)
Excesspressurein well bore of 2.5 MPa (AP = 2.5 MPa). (c) Well
bore pressurewhich is 2.5 MPa lessthan the formation pore pressure
(AP = - 2.5 MPa).

bility of the simple elasticfailure model to the problem of
breakoutgrowth is clearlyquestionable.There is undoubtedly
inelastic deformation occurring as the rock around the well
bore fails [e.g.,Risneset al., 1982] and time-dependenteffects
related to subcritical crack growth are probably occurring
[e.g., Martin, 1972]. In fact, Plumb and Hickman [this issue]
show apparent evidenceof breakout growth with time in the
Auburn well. The processof breakout growth is undoubtedly
quite complex and the pattern of breakout growth shown in
Figure 9 is probablyoverlysimplified.Nevertheless,
the calculations with the simple failure model indicate that as the
breakouts deepen,they do not become wider. This may explain why breakoutswith markedly differentdepthshave approximatelythe samewidth (e.g.,Figures2 and 4).
CONCLUSIONS

Observations

of well

bore

breakouts

with

an ultrasonic

boreholeteleviewershowthat regionsaround well boresfail in
a manner which is stronglycontrolledby the magnitudeand
orientation of the in situ stressfield. Thus study of breakouts
in existingwellsmay prove to be an extremelyimportant new
source of data on the orientation of the in situ stress field. A

simpleelasticfailure model seemsto confirm the hypothesis
that the breakoutsform as a compressivefailure process,and
the theory successfully
predictsmany of the generalcharacteristicsof the observedbreakout shapes.However, inelasticdeformation around the well bore is apparently quite important
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BREAKOUTSHAPESUNDERSUCCESSIVE
EPISODESOF FAILURE

c• = --#
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(r52)
1+ 2

(A4)

c2= +(1 +#2)•/2 1----+3
•
rb2

(

d2 = +(1 +/12)1/2 --1 + 3--

3

e = • (1 +/12)1/2
a2

f= •(1 + #2),/2__
rb2
Fig. 9. Successive
stagesof breakout extensionbased on boundary elementcalculationsof redistributcdstresses
arounda brokenout
well bore [after Mastin, 1984].

If ao- a, is positive,take the positivesignfor a2, b2, c2, and
d2 and the negativesignfor e andf. If ao- a, is negative,take
the negativesignfor a2, b2,c2,and d2 and the positivesignfor
e andf. Using formulae (9)-(11) become

in arrestingbreakoutgrowth,and time-dependent
failureprocessesare probably important in breakout evaluation.Both of
these processeswill have to be consideredbefore breakout
growth and developmentare fully understood.

If SH*< 3S•* and AP = 0, then ao > a• everywhere in the
immediate vicinity of the well, and we do not need to worry
about the sign of the stressdifference.Equations(6)-(8) were
obtained

in this manner.

(A5)

(d, + d2)('c
o - eAP) -- (b, + b2)(T0 --fAP)
(a, + a2)(d, + d2)- (b, + b2)(c, + c2)

(A6)

SH* (d1 + d2)('c
o -- eAP) - (b, + b2)(-c
o --lAP)
Sh* (a, + a2)(zo --fAe)- (c, + c2)(zo --eAe)

(A7)

SH* = 2

APPENDIX

We showedin the body of this paper that it is possibleto
determinethe magnitudeof the horizontal principal stresses
from measurements
of the shapeof spalledareas (breakouts)
of a well bore, provided that SH* _<3Sh*, AP = 0, and elastic
failuretheoryadequatelydescribesthe process.In this appendix we will develop the general solution and show that it is
still possibleto separateand solvefor SH* and Sh* as functionsof rband 0bevenwhen the aboveconditionsare on SH*,
S•*, and AP not explcitlysatisfied.
We assumeagain that the breakoutis a zone of compressive
shearfailure and is boundedby a surfacedefinedby the material's cohesionr0. Since a single value of •0 defines the
boundary of the breakout, we can parametcrizethe breakout
shape by its maximum depth, r = r• (at 0 = 7[/2) and by the
azimuth of the point at which the breakout intersects the
boreholewall, 0 = 0• (at r = R). From (3) we note that rr0 = 0
wheneverr = R or 0 = •r/2. When •:r0= 0, (4) becomes

(a, + a2)('ro + fAP) -- (c, + c2)('ro -- eAP)
(a• + a2)(d• + d2)- (b• + b2)(c• + c2)

Sh* = 2

Severalfeaturesof theseequationsare immediatelyapparent. First, if ao- a• is positive and AP- 0, these equations
reduceto (9)-(11).As breakoutsare causedby well bore spalling due to the high shear stressesnear 0- rt/2, it turns out
that as long as ro is reasonablylarge, the first of these conditions is always satisfied within the breakout zone, even for

finite valuesof AP. This is easilydemonstratedby noting that
ao- ar >>0 at the well bore and that although the difference
decreases with radial distance, the material will not fail

beyond a region in which this stressdifferenceis still large
(and, by inference,positive).Where AP is nonzero, the formation of a breakout at the azimuth of the least effectiveprincipal stressstill requiresthat ao- a• > O.Thus, in solvingfor
the stressesin terms of the parametersdescribingthe breakout

shape,wecanalwaysassume
that thisrelationship
holds.
If AP is nonzero,we cannotsolveexplicitlyfor SH*/Sh*in a
straightforwardmanner. However, (A7) can still be used to
obtainan estimateof the ratio of the stresses
if ro- eAP • Zo
-kAP. In all but unusual circumstances(such as overpressured
zones),AP will be muchsmallerthan z0. Also,e and
k are approximatelyequalto one.Therefore,zo -- eAP will in
general be approximatelyequal to zo -kAP. Estimatesof

By substituting the complete formulae for the stresses stressratio from (11) will therefore be within 10% or less of
the correct value unless the breakout formed when the fluid
around the borehole (equations(1)-(3)) into (4), we obtain (in
pressurein the well was greatly different from that in the
placeof equations(5)-(7))
formation.

zo(R,0•)= «[(a• + a2)SH*+ (b• + b2)S•*] + eAP (A2)
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ro(r•,
•)=«[(c
,+c2)SH*
+(d
,+d2)Sa*]
+fAP
(A3)
al=

-#(1-2cos20b)

a2 = _+_(1
+/12)•/2(1-- 2 cos20•)
b• '- - #(1 + 2 cos 20•)

b2 = __+(1
+/,t2)1/2(1+ 2 cos20•)
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